GABAergic interneuron loss, maturational delay or imbalance of glutamatergic to GABAergic signaling has been implicated in several neuropsychiatric disorders including Tourette syndrome and attention-deficit/hyperactivity disorder (ADHD). In schizophrenia, decreases in parvalbumin (PV), somatostatin (Sst) and glutamic acid decarboxylase (GAD) RNA have been observed and seem to indicate a failure in maturation in PV and Sst neurons. In Tourette syndrome, which has a high level of comorbid ADHD, reduced numbers of parvalbumin expressing neurons have been observed in the basal ganglia of affected patients. In addition, polymorphisms in the GAD1 gene that codes for GAD67 protein have been associated with ADHD. We have examined whether mice with a disrupted Gad67 allele, the Gad67 GFP knock-in mice (Gad67-GFP +/− ), display abnormal locomotor behavior or altered anxiety behavior on the elevated plus maze. We found that Gad67-GFP +/− mice displayed a mild hyperactivity compared to control littermates.
Introduction
Glutamic acid decarboxylase 67 (GAD67) is encoded by the GAD1 gene and is one of the two GAD proteins responsible for the synthesis of the neurotransmitter gamma aminobutyric acid (GABA) from glutamate (Defelipe et al. 2013) . GABA is the main inhibitory neurotransmitter found in the brain. Tamamaki et al. introduced a green fluorescent protein (GFP) transgene into the 5'UTR of the endogenous mouse Gad67 allele in order to genetically tag GABA-producing neurons. The GFP insertion disrupts the endogenous Gad67 allele and therefore results in haploinsufficiency for Gad67 in heterozygous mice (Gad67-GFP +/− ) and reduced GABA levels in the brain (Tamamaki et al. 2003) . The Gad67-GFP +/− mice have been a valuable tool for studying the development, physiology and function of GABAergic interneurons (Tamamaki et al. 2003; Cai et al. 2013; Smith et al. 2014) . GABAergic interneurons are a diverse class of neurons that, while sharing the use of GABA as a neurotransmitter, display a wide variety of cell morphologies, synaptic targeting specificity and electrophysiological activity. GABAergic interneurons can be classified according to these characteristics, including their expression of peptides and calcium-binding proteins (Howard et al. 2005; Gelman et al. 2012; Defelipe et al. 2013) . Three broad classes of interneuron subtypes can be made based on the non-overlapping expression of parvalbumin (PV), somatostatin (Sst) and calretinin (CR).
Abnormal development, maturation or function of cortical GABAergic interneurons has been implicated in various neuropsychiatric disorders including schizophrenia, depression and Tourette syndrome (Lewis et al. 1999; Hashimoto et al. 2003; Kalanithi et al. 2005; Kataoka et al. 2010; Gonzalez-Burgos et al. 2011; Bollmann et al. 2015; Bruxel et al. 2016; Naaijen et al. 2017) . Decreases in Gad1, parvalbumin (PV) and somatostatin (Sst) have been consistently found in the cerebral cortex of individuals with schizophrenia implicating reduced cortical GABAergic signaling in this disorder (Benes and Berretta 2001; Howard et al. 2005; GonzalezBurgos et al. 2011) . Several rodent models of schizophrenia also display decreases in PV-positive interneurons, and many of these rodent models also share behavioral hyperactivity 1 3 (Pillai-Nair et al. 2005; Muller Smith et al. 2008; Belforte et al. 2010; Smith et al. 2014) . Reduced levels of GABA have been measured in children with attention-deficit/hyperactivity disorder (ADHD) (Edden et al. 2012) . Also, the GAD1 gene which encodes the GAD67 protein in humans has been implicated in ADHD (Bruxel et al. 2016) . In working with Gad67-GFP +/− mice, we noticed that some mice seemed abnormally active in their home cage, and decided to study this further using an open-field locomotor activity test. We found significant differences in locomotor behavior between Gad67-GFP +/− mice and control littermates.
Methods

Animals
This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health as listed in the "Compliance with ethical standards" section. All mice were provided food ad libitum and were housed in a mouse vivarium with a 12-h light-12-h dark cycle.
Gad67-GFP
+/− and control mice were obtained from breeding Gad67-GFP +/− males or females to a GFP-negative mate, yielding 50% offspring with the Gad67-GFP allele and 50% control offspring. Animals were genotyped within 3 days of birth using GFP epifluorescent microscopy or GFP goggles (BLS). GFP-positive pups were marked by making a 0.5-1 mm tail clipping followed by cauterization. When mice were not genotyped between postnatal day P0 and P3, tail clipping, DNA isolation and PCR for GFP were performed to identify GFP-positive animals.
Behavioral tests
Seven-month-old Gad67-GFP +/− (n = 8) and GFP-negative control littermates (n = 10) were tested on an open field for locomotor behavior and on the elevated plus maze for anxiety on separate days. All animals were males. Animals were tested for locomotor behavior on day 1 and the elevated plus maze on day 2. For both tests, animals were brought to the animal behavior room and allowed to acclimate 30 min-1 h to the room prior to behavioral testing.
For locomotor behavior, mice were placed in a chamber measuring 49.5 cm × 34 cm illuminated with a ceiling light from above. Mice were placed in the chamber one at a time, in the same corner each time. Mice were monitored for 30 min. The two groups were compared for the following measures: distance traveled, average speed and total time mobile. Testing for anxiety-like behaviors was done on an elevated plus maze apparatus (Stoelting). The apparatus height is 50 cm, and it is placed on a flat raised platform. The apparatus arm dimensions are 5-cm-wide arm width, 35-cmlong open arm and 15-cm-high closed arm walls. Mice were placed in the center of the maze facing an open arm and monitored for 5 min. The two groups were compared for the following measures: time in closed arm, time in open arm, latency to enter open arm. The locomotor activity chamber and elevated plus maze apparatus were wiped down with 70% ethanol between animals in order to clean droppings and urine and to remove odorants. Data were acquired with a logitec web camera mounted over the apparatus and connected to a computer with a USB cable and analyzed with the ANYMAZE program (Stoelting) using t-tests.
Results
During routine handling of mice, we noticed that Gad67-GFP +/− mice seemed to be more active than their GFPnegative littermates. In order to test whether this observation was significant, we tested the locomotor behavior in an open field in Gad67-GFP +/− mice and their control wild type littermates. Over a 30-min period, Gad67-GFP +/− mice showed a significant higher time spent mobile than control GFP littermates (p = 0.017, Fig. 1 ). Gad67-GFP +/− mice also displayed nonsignificant trends toward increase in distance traveled and average speed (p = 0.084 and p = 0.083) (Fig. 1) .
We also tested whether there were differences in anxietylike behaviors on the elevated plus maze test. Mice from both groups were tested for 5-min trials on an EPM apparatus. We found no significant differences between groups when we examined time spent in open arms, times spent in closed arms or latency to enter open arms (Fig. 2) .
Conclusions
We found that Gad67-GFP +/− mice have a mild hyperactive phenotype characterized by more time spent mobile than control littermates. This occurred in the absence of an anxiety phenotype as assessed by the elevated plus maze test. This finding is of interest given the ample literature implicating GABAergic neuron involvement in neuropsychiatric disorders with impaired executive function and impulse control such as schizophrenia, bipolar disorder, ADHD and Tourette syndrome. Previous studies of fibroblast growth factor receptor 1 (Fgfr1) disruption in the brain implicated the loss of PV-positive neuron maturation in the hyperactive behavior of mice lacking Fgfr1 in the dorsal telencephalon (Muller Smith et al. 2008; Smith et al. 2014) . Mooney et al. 2016 also found evidence implicating Fgfr1 signaling in ADHD in human genetic studies by employing pathway analyses of two genome-wide association study datasets. These studies identified both the Fgfr1-and Fgfr2-binding and activation pathway gene sets as significantly associated with ADHD (Mooney et al. 2016) . Other rodent models have also observed decreased interneuron number and hyperactive behavior (Pillai-Nair et al. 2005; Cunningham et al. 2006; Penschuck et al. 2006; Rujescu et al. 2006; Braun et al. 2007; Xenos et al. 2017) . As reported in the original description of this genetically modified mouse line, mice with the GFP insertion into the gene for Gad67 (Gad1) had demonstrably lower levels of GABA in the brain since they lack one functioning copy of this gene (Tamamaki et al. 2003) . They are therefore expected to have a lowered inhibitory tone. Our current evidence suggests that this reduced GABA dosage leads to increased locomotion and a hyperactive phenotype. This evidence helps support previous findings implicating GABA signaling and imbalances in excitatory/inhibitory tone in ADHD (Edden et al. 2012; Bruxel et al. 2016; Naaijen et al. 2017) . Of note, Zhang et al. (2015) reported a striatal specific knockout of the gene for Gad67 by mating Gad1 lox/lox mice to GPR88 cre mice. These mice displayed an increase in locomotor behavior. Therefore, the hyperactive behavior observed in the Gad67-GFP +/− mice may not be exclusively attributed to changes in cortical GABAergic tone. One caveat to the application of these studies toward understanding the neurobiology of hyperactivity is the degree to which hyperactivity in a mouse model, as measured by locomotor recordings in an open field, reflects upon the symptoms and underlying causes of ADHD. Locomotor hyperactivity in ADHD is conceptualized to reflect defects in behavioral inhibition and can be contextual such as remaining seated in situations where being seated is expected (Barkley 1997). Other hyperactivity symptoms include "often acts as if driven by a motor" or "often on the go." The validity of laboratory measurements of hyperactivity in humans is limited and is not relied upon for diagnosis (Barkley 1991) . Wickens et al. (2011) reviewed the literature concerning animal models of ADHD, as well as the validity of openfield tests compared to cognitive tasks that are designed to assess behavioral inhibition such as the delay discounting paradigm and the five-choice serial reaction time test (Wickens et al. 2011) . While these tests are designed to assess behavioral inhibition through measures of impulsivity, they require longer entrainment of the animal to the test, and have generally been performed with rats, which are more adept at learning complicated tasks, compared to mice. Of note, our decision to test the behavior of the Gad67-GFP +/− mice was based on our observation that they appeared to have more activity within their home cages, to which they are habituated. This increased activity was also reflected in open-field tests in a novel environment, where the mice spent more time mobile than control littermates.
Acknowledgements The author wishes to thank Dr. Flora Vaccarino for support and editorial review, Dr. Yanagawa for sharing the Gad67-GFP +/− mouse line and Dr. Russ Barkley for helpful discussion. Support was provided by National Institutes of Health, NIH: K01MH087845 and Brain and Behavior Research Foundation NAR-SAD Young Investigator Award. The funders had no role in study design, data collection and analysis, decision to publish or preparation of the manuscript. 
